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Validity of segmental multiple-frequency bioelectrical impedance
analysis to estimate body composition of adults across a range of body

mass indexes
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bstract Objective: We compared body composition estimates using an eight-electrode, segmental, multiple-
frequency bioelectrical impedance analysis (segmental MF-BIA) and dual x-ray absorptiometry
(DXA) in a group of healthy adults with a range of body mass indexes (BMIs).
Methods: Percentage of body fat (%BF), fat-free mass, and fat mass assessed by DXA and
segmental MF-BIA in 132 healthy adults were classified by normal (N; 18.5–24.9 kg/m2), over-
weight (OW; 25–29.9 kg/m2), and obese (OB; 30–39.9 kg/m2) BMI.
Results: Compared with DXA, segmental MF-BIA overestimated %BF in the OB BMI group
(3.4%; P � 0.0001). MF-BIA overestimated %BF among men (0.75%; P � 0.006) and women
(0.87%; P � 0.006) and underestimated it in the N BMI group (�1.56%; P � 0.0001); %BF was
not different between methods in the OW BMI group. Error in %BF determined by segmental
MF-BIA and DXA increased as %BF increased (r � 0.42, P � 0.0001). Waist circumference was
the only significant predictor of systematic error in %BF between MF-BIA and DXA (r � 0.60,
P � 0.0001).
Conclusion: Eight-electrode, segmental MF-BIA is a valid method to estimate %BF in adults with
BMI classified as N and OW, but not as OB. Estimation of trunk resistance with current segmental
MF-BIA devices may explain the underestimation of %BF in the adults with OB BMI. Further
examination of the effect of waist circumference and body fat distribution on the accuracy of BIA
measurements is warranted. © 2009 Elsevier Inc. All rights reserved.
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Approximately 60% of Americans are overweight and
bese [1]1. This burgeoning public health concern has
rompted numerous interventions to facilitate healthy
eight management [2]. Body composition assessment is an
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mportant outcome measurement in weight management
nterventions because of the importance to maintain muscle
nd bone and reduce fat. Thus, techniques that provide valid
ssessments among individuals of varying levels of body
atness are critical to evaluate intervention outcomes.

Bioelectrical impedance analysis (BIA) is a practical and
on-invasive method to assess human body composition.
nlike dual energy x-ray absorptiometry (DXA) and under-
ater weighing, BIA is practical and does not have weight

nd height restrictions limiting its use with certain popula-
ions. Whole-body and segmental BIA approaches have
een developed for assessment of human body composition.
nitial applications of BIA at 50 kHz used whole-body
easurements of resistance, derived by using surface elec-
rodes placed on a hand and a foot, and the height of the
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ubject in sample-specific regression models [3]. Single-
requency (SF) BIA was based on the postulate that the
uman body was a single cylinder with constant resistivity
4]. A limitation of whole-body SF-BIA is that the trunk
ontributes little (�10%) to whole-body resistance but con-
ains a large content (�50%) of conductor volume [5],
hich is particularly important in overweight and obese

ndividuals [6,7].
Segmental BIA may overcome this problem in obese

ndividuals. This technique recognizes that the human body
s complex in shape, represented not by one uniform but five
eterogenous cylinders (e.g., arms, trunk, and legs) with
ifferent resistivities, over which resistances are measured
eparately [8]. Knowledge of segmental body composition
s important to identify health-related risk factors, because
egional fat distribution (e.g., trunk and abdomen) is a
redictor of risk of diabetes and heart disease [9,10].

Some findings have suggested that SF-BIA may not
ccurately assess body composition with increasing adipos-
ty [11,12] because the altered electrical properties of tissues
6] require frequencies higher than 50 kHz to penetrate all
issues. Multiple-frequency BIA (MF-BIA), which mea-
ures impedance at a range of multiple or a fixed set of
requencies, is appealing because of its potential to assess
uid distribution [13,14].

Segmental MF-BIA has been used to estimate body com-
osition in adults [15,16]. However, the validity of this device
o estimate body composition of individuals with varying lev-
ls of adiposity is not well established. This study compared
stimates of body composition determined by using segmental
F-BIA and DXA in healthy adults stratified into groups

ased on body mass index (BMI). We hypothesized that per-
entage of body fat (%BF), fat mass (FM), and fat-free mass
FFM) would not be significantly different between segmental

F-BIA and DXA across BMI groups.

aterials and methods

ubjects

One hundred thirty-two healthy adults were recruited for
his cross-sectional study. The goal was to study 44 subjects in
ach of three BMI groups (normal [N], 18.5–24.9 kg/m2;
verweight [OW], 25–29.9 kg/m2; and obese [OB], 30–39.9
g/m2). Inclusion criteria were age �18 y, BMI �18.5 and
40 kg/m2, absence of self-reported chronic disease, no use of
edication that could influence body water balance, absence of

regnancy or lactation, no metal inserts or pacemaker, and an
bility to stand erect independently without support.

rotocol

Standing height (�2 mm) and weight (�0.1 kg) were
easured at an information meeting to group subjects into
he appropriate BMI classification. Subjects provided writ- l
en informed consent and scheduled their testing appoint-
ent after receiving oral and written descriptions of the

tudy protocol. Subjects were instructed to abstain from
affeine, physical activity, showering/bathing/sauna within

h of testing; abstain from food within 2 h of testing;
efrain from alcohol 24 h before testing; not donate plasma
r blood 2 d before testing; and avoid wearing undergar-
ents with metal. Women were instructed to schedule their

ppointment during the 6th–10th days of their menstrual
ycle to minimize the effects of fluid retention. The study
as approved by the institutional review board at the Uni-
ersity of North Dakota.

ual x-ray absorptiometry.
Percentage of body fat was estimated from FM and FFM

easured by using DXA (QDR DELPHI-W DXA fan beam
ode; software version 11.2.1:7; Hologic, Bedford, MA,
SA). Daily calibration was performed by using a spine
hantom daily and when the DXA was idle more than 2 h
etween tests. The within- and between-day variabilities for
one mineral density were 0.17% and 0.30%, respectively.
he variability (coefficient of variation) for total body fat

rom DXA ranges from 1% to 3% [17,18]. Subjects wore
ospital-style scrubs without shoes or socks during the pro-
edure. Scrubs were selected because they were uniform,
ightweight, and without metal, and preliminary data
howed they had no effect on the validity of body compo-
ition results.

ight-electrode, segmental BIA.
Percentage of body fat was estimated using a segmental

F-BIA instrument (InBody 320, Biospace Co., Ltd.,
eoul, Korea) that operated at frequencies of 5, 50, and 250
Hz, which were pre-set by the manufacturer to assess
xtracellular fluid and total body water and introduced into
he body in ascending order of frequency. This device uses
ontact electrodes, located in the handgrips and the foot-
ads, to measure resistance, does not require standardization
f a subject’s posture before testing, and is quick compared
ith standard four-electrode devices that require time to
ormalize body fluid distribution before testing [19]. Sub-
ects stood with the ball and heel of each foot on two
etallic electrodes on the floor scale and held handrails with
etallic grip electrodes in contact with the palm and thumb

19,20]; arms were fully extended and abducted approxi-
ately 20 degrees laterally. For each of the programmed

requencies, an alternating current of 250 �A was applied
etween the electrodes at the right palm and ball of the right
oot. The voltage decrease between the electrodes at the
ight and left thumbs was divided by the applied current to
btain the resistance of the right arm. The same procedure
as performed with voltage decrease recorded between the

ight and left heels to obtain right leg resistance, and be-
ween the electrodes on the left thumb and left heel to obtain
runk resistance. The current was then applied between the

eft thumb and left foot and the value of the recorded
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oltage decrease between the right and left thumbs was used
o calculate the resistance of the left arm. The voltage
ecrease between the right and left heels was used to cal-
ulate the resistance of the left leg.

If an error reading occurred due to dry skin, subjects
ere instructed to wipe their palms and foot soles with an

lectrolyte cloth provided by the manufacturer and the test
as repeated. Internal calibration of the device was mea-

ured by using a resistance-capacitance model assembled
ith precision resistors and capacitors at the beginning of

ach testing week; the variability between days was
– 0.4% across all frequencies. The within-day variabil-

ty from three daily resistance measurements of four
ndividuals over 5 consecutive days was 0–2.4% across all
requencies and sites; between-day precision was 1.7–3.9%.
ariabilities from previous research with eight-electrode
F-BIA were �2.0% within days and �3.0% between

ays [16,20,21].
Although this segmental MF-BIA device measures the

esistance of each body segment described above, it does
ot provide estimates of regional or segmental body com-
osition; only whole-body estimates are given. This instru-
ent measures segmental resistance and not impedance.
esistance measurements can be summed, whereas imped-
nce values, which are vector quantities, cannot be added
ver adjoining segments to constitute a larger portion of the
ody. Whole-body resistance (RSumX) was calculated by
dding the segmental resistances at each (X) frequency:

SumX � RRA � RLA � RT � RRL � RLL. Segmental and
hole-body resistive indexes were calculated as standing
eight (Ht)2/RX and Ht2/RsumX, respectively. Proprietary
quations from the manufacturer were used to estimate
hole-body composition variables.

nthropometry.
Because discrepancies in total and trunk body fatnesses

ave been observed between BIA and DXA, we examined
he relation between anteroposterior (AP) body thickness,
aist circumference, and systematic error between DXA

nd MF-BIA [12]. Excessive AP thickness affects the trans-
ission and absorption of x-rays from DXA particularly in

ndividuals with an AP thickness greater than 25 cm [22].
upine AP thickness was measured from the surface of the
XA table to the highest body point with anthropometry

alipers (Harpender Anthropometer; Holtain Limited Com-
any, Crosswell, Crymych, United Kingdom) to the nearest
entimeter. Supine waist circumference was measured at the
mbilicus to the nearest centimeter. If the difference in
epeat AP thickness and waist circumference measurements
as greater than 1 cm, a third measurement was taken and

he average of the two closest measurements was used.

ata analysis

Power analysis indicated that a sample of 132 subjects,

4 in each BMI group, would provide 90% power to detect r
mean difference of 2% body fat between methods within
ach BMI range. A within-subject standard deviation of
.5% body fat and an � value equal to 0.05 were used.

A 2 � 3 analysis of variance using the Proc GLM
rocedure [17] was used to determine the effect of group
gender and BMI) on body composition variables estimated
ith DXA and segmental MF-BIA. Tukey-Kramer con-

rasts were used for post hoc pairwise comparisons of means
hen appropriate. Differences in body composition esti-
ated by the two methods were determined by testing
hether the difference within a gender and BMI group was

ignificantly different from zero. Stepwise regression anal-
sis was used to determine the best predictors of the error in
BF between DXA and segmental MF-BIA. Potential pre-

ictors included waist circumference, AP thickness, %BF,
nd FM as measured by DXA. For the stepwise regression,
he significance level for a variable to be added to the model
as set at 0.1 and the significance level for a variable to

emain in the model was set to 0.15. For all other statistical
ests, the significance level was P � 0.05. Data are reported
s mean � pooled standard error, unless otherwise indi-
ated.

esults

Table 1 presents the physical characteristics of the sub-
ects listed by gender and BMI groups. DXA FFM was
reater and FM and %BF were lower in men than in women
all Ps � 0.0001; Table 2). %BF, FM, and FFM from DXA
ncreased across BMI groups (all Ps � 0.01). Compared
ith DXA, segmental MF-BIA overestimated %BF in
omen and men (P � 0.006) and the OB BMI group (P �
.0001) and underestimated %BF in the N BMI group (P �
.04). A similar trend for FM was observed in women, men,
nd the OB BMI group (P � 0.001), with an overestimation
y MF-BIA also in the OW BMI group (P � 0.0001). FFM
stimated by DXA and MF-BIA was not different for
omen but was overestimated by MF-BIA in men (P �
.04) and in the N and OW BMI groups (P � 0.0001). In
ontrast, MF-BIA underestimated FFM in OB subjects (P �
.0001). Differences in %BF, FM, and FFM between DXA
nd MF-BIA were not different between men and women
ut were different across BMI groups (P � 0.05). The
ex-by-BMI interaction was not significant.

Assessment of bias in the aggregate data showed that the
rror of estimating %BF with segmental MF-BIA compared
ith DXA increased as %BF increased (r � 0.424, P �
.0001; Fig. 1A), and limits of agreement (mean � 2 SD)
ere �5.7% to 7.2% body fat. There were no statistically

ignificant trends in error identified when the groups were
xamined individually (Fig. 1B–D). Modest error was ob-
erved between methods for the N group (mean difference
1.56%; Fig. 1B) and OW group (mean difference 0.58%;

ig. 1C), and the bias did not change significantly over the

ange of %BF values within each group. A greater amount
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f bias was present in the OB BMI group (mean difference
.4%), although the error was not significantly affected by
he range of %BF (Fig. 1D). Limits of agreement were

6.7% to 3.6% for the N group, �3.8% to 5.0% for the OW
roup, and �2.0% to 8.8% for the OB group (Fig. 1B–D).

Stepwise regression analysis showed that waist circum-
erence was the only significant predictor (r � 0.60, P �
.0001) of the error between segmental MF-BIA and DXA,
xplaining 36% of the variance in the overall sample (Fig.
). When each BMI group was examined separately, waist
ircumference was not a significant predictor of the error in
ny BMI group.

iscussion

The search for a practical and valid method to assess
uman body composition continues to focus on BIA tech-
iques. The four-electrode, whole-body SF-BIA approach
as poor precision of estimates for an individual because of
eliance on sample-specific regression models [18]. MF-
IA shows relative agreement (e.g., significant correlation
oefficients) with reference fluid volumes and body compo-
ition estimates but significantly overestimates these vari-
bles compared with reference methods [23,24]. Segmental
IA is a novel approach that may overcome the limitations
f these whole-body techniques by estimating impedance of
he limbs and trunk [8].

Attempts to assess the validity of segmental BIA to
stimate various body composition parameters have only
ocused on comparisons in groups without rigorous exam-
nation within subgroups defined by ranges in body size or
omposition [11,15,25]. The present study addressed this
imitation by using a sample selected to provide normal,
verweight, and obese adults. The key finding was that
egmental MF-BIA significantly underestimated %BF in the

group (�1.56%), and overestimated it in the OW (0.58%)
nd OB (3.4%) groups. This finding supports the hypothesis
hat body composition estimates are less accurate with BIA
t increasing levels of adiposity [6].

There is a paucity of reports examining the validity of
egmental MF-BIA to estimate %BF. Demura et al. [11] re-
orted that segmental MF-BIA yielded similar estimates of
BF as DXA (12.5% versus 11.1% and 19.5% versus 20.6%

n men and women, respectively) in 45 relatively lean (16%
ody fat) college students. Inconsistent findings between these
tudies may be explained by the heterogeneity in body fatness
n the present compared with the previous study [11].

Validation of segmental SF-BIA has yielded mixed re-
ults. Pietrobelli et al. [25] reported no significant difference
n estimates of %BF in 40 subjects, 6–64 y of age, although
egmental BIA at 50 kHz overestimated body fatness by
.6% compared with DXA. Similarly, 50-kHz segmental
IA overestimated body fatness 3.2% in normal-weight and
% in overweight adults [11]. %BF also was overestimated
(2.6%) in lean college students assessed with SF-BIA [15].T
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mong obese women, segmental SF-BIA significantly un-
erestimated body fatness by 5% [12]. The recurrent finding
f larger errors in the estimation of %BF with segmental
IA with increasing adiposity is consistent with the findings
f the present study. It is noteworthy, however, that none of
hese studies was designed with power estimates calculated
o identify significant differences between the methods.

Other attempts to validate segmental BIA have used various
ndirect approaches. Among healthy adults, Bedogni et al. [20]
erived a regression model, based on the cumulative resis-
ance index at 500 kHz, to predict total body water (TBW)
n 35 healthy adults and then cross-validated the prediction

odel in another 15 adults; they observed the error to be
L or 8% of the mean measured TBW. Other investiga-

ors performed similar cross-validation trials to ascertain
he accuracy of segmental MF-BIA to estimate TBW and
xtracellular water. Sartorio et al. [26] reported errors of 2.1

(5%) and 1.3 L (8%) for TBW and extracellular water,
espectively, in 38 overweight and obese adults. Medici et
l. [27] found that segmental MF-BIA significantly overes-
imated FFM (4.1 kg) when prediction equations developed
n healthy controls were applied to patients with renal dis-
ase and receiving peritoneal dialysis. Thus, prediction
odels, derived and cross-validated in small samples, yield

ppreciable errors in estimating %BF (2.6–3.2%) and fluid
olumes (2–3 L) that limit the use of segmental SF- and
F-BIA for individual predictions of body composition.
It is noteworthy that segmental MF-BIA significantly

nderestimated and overestimated %BF in adults with N
nd OW BMI, respectively (Table 2). The biological sig-
ificance of these errors is small (�1.56% and 0.58%) and
re within the precision of the BIA and DXA instruments
2%). Thus, it is uncertain whether the error may be attrib-

able 2
omparison of percentage of body fat, fat mass, and fat-free mass from D

ariable/method Women (n � 69) Men (n � 63) No

ody fat (%)
DXA 35.60 � 0.58a 22.62 � 0.60b 22
Segmental MF-BIA 36.46 � 0.60a 23.37 � 0.63b 20
Difference� 0.87 � 0.31a† 0.75 � 0.32a† �1

at mass (kg)
DXA 26.19 � 0.55a 20.77 � 0.57b 14
Segmental MF-BIA 27.66 � 0.60a 22.21 � 0.62b 14
Difference� 1.46 � 0.27a‡ 1.44 � 0.27a‡ �0

at-free mass (kg)
DXA 45.93 � 0.73a 67.55 � 0.75b 52
Segmental MF-BIA 45.94 � 0.76a 68.11 � 0.79b 54
Difference� 0.02 � 0.26a 0.56 � 0.27b§ 2

BMI, body mass index; DXA, dual x-ray absorptiometry; MF-BIA, mu
* All values reported as mean � SE. Means not sharing a common supe

P � 0.05).
† P � 0.006, significantly different from zero.
‡ P � 0.0001, significantly different from zero.
§ P � 0.04, significantly different from zero.
� MF-BIA minus DXA.
ted to either technique. i
The observed errors of segmental impedance predictions
f FFM in the N, OW, and OB groups suggest some general
eaknesses of this method. Dependence on proprietary re-
ression equations to estimate conductor volume (e.g.,
FM) without evidence of validity and precision is a con-
ern. Lack of information on the sample size, subject charac-
eristics, and the dependent variables, other than resistive in-
ex, used to develop and validate the proprietary prediction
odels hamper the general use of these prediction equations.
se of distal limb detecting electrodes to indirectly estimate

runcal resistance also may be problematic. In the develop-
ent of the segmental resistance model, Organ et al. [8]

howed that distal measurement electrode placements sig-
ificantly overestimated truncal resistance compared with
ctual measurements of the thorax (23.6 versus 18.3 � for
en and 30.3 versus 23.8 � for women) in supine adults

nd were only correlated moderately (R2 � 0.58 to 0.71 for
en and women). In contrast, the indirect and direct resis-

ance measurements of the limbs were equivalent by site
nd highly correlated by limb for the men and women (R2 �
.96 to 0.98). In contrast to the original segmental BIA
ethod [8], the present approach relies on distal electrode

lacements on the hands and feet and provides an indirect
stimate of resistance of the trunk. Cornish et al. [28]
ecognized the problem of unequal current distribution in
easuring the impedance of adjoining body segments
here cross-sectional areas are very different. They re-
orted that the use of indirect measurements in supine
ubjects based on hand-to-foot detector electrode place-
ents slightly underestimated impedance values (1%) with
variability (e.g., SD) of 2%, which was considered to be

imilar to the anticipated change due to intervention. Com-
arisons of resistance values determined in healthy people

nd eight-electrode segmental MF-BIA by gender and BMI*

MI (n � 46) Overweight BMI (n � 44) Obese BMI (n � 42)

0.71a 29.63 � 0.72b 35.32 � 0.73c

0.74a 30.21 � 0.76b 38.72 � 0.77c

0.38a‡ 0.58 � 0.39b 3.40 � 0.39c‡

0.67a 22.54 � 0.69b 33.16 � 0.69c

0.73a 23.49 � 0.75b 37.27 � 0.76c

0.32a§ 0.95 � 0.33b† 4.11 � 0.34c‡

0.89a 55.92 � 0.91b 62.16 � 0.92c

0.93a 56.63 � 0.96a 60.22 � 0.97b

0.32a‡ 0.71 � 0.33b§ �1.94 � 0.33c‡

frequency bioelectrical impedance analysis
letter are significantly different between genders or between BMI groups
XA a

rmal B

.39 �

.83 �

.56 �

.75 �

.06 �

.69 �

.15 �

.23 �

.08 �

ltiple-
rscript
n the standing position and using direct and indirect mea-
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urements are not available. Furthermore, the finding that
aist circumference explained a significant amount of vari-

nce (36%) in the prediction of the error of segmental
F-BIA %BF values (Fig. 2) supports the contention that

he present segmental BIA method fails to adequately assess
runk impedance components. Also, differences in body
eometry among the BMI groups and perturbations in fluid
ontent and distribution in adipose tissue that affect trunk
esistivity of the obese compared with the other BMI groups
27,29,30] have been shown to adversely affect the validity
f BIA to estimate body fatness in obese adults. Thus, the
eported errors in the prediction of body composition with
he segmental MF-BIA devices, particularly in obese indi-
iduals, may be the result of a combination of physical
actors.

Another concern of some segmental BIA instruments is
he use of a limited range of current frequencies that might

ig. 1. Discrepancy between % fat determined by using DXA and segmen
n % fat (%fat � MF-BIA � DXA) and average body fat ([DXA � MF-BIA
ines represent the 95% confidence interval. Data are presented for (A) the
MI (18–25 kg/m2) group (n � 46; R2 � 0.001, RMSE � 2.61), (C) the ove
nd (D) the obese BMI (30–40 kg/m2) group (n � 42; R2 � 0.04, P � 0

fat, percentage of body fat; MF-BIA, multiple-frequency bioelectrical i
imit signal penetration into all conductive tissues. Gibson c
t al. [31] compared estimates of body fatness derived with
egmental MF-BIA analyzers that used currents of up to and
xceeding 250 kHz. Compared to reference %BF deter-
ined with a four-component model, both segmental BIA

nstruments predicted similar values in men. However, the
egmental MF-BIA devices, regardless of range of current
requency, significantly underestimated %BF in women by
.5-3.0%. Furthermore, the confidence intervals for predic-
ion of body fatness for an individual were very broad (�10
o 10%) for each device. Thus, the use of signal frequencies
reater than 250 kHz did not improve the precision of
stimation of body fatness with segmental BIA.

A potential limitation of the present work is the use of
an-beam DXA as the reference method to assess body
atness. Although DXA-derived estimates of soft tissue
omposition are highly correlated with determinations from
riterion methods, modest variations in absolute values of

F-BIA. Solid line represents the linear relation between mean differences
dark abbreviated line represents the mean difference; and light abbreviated
sample (n � 132; R2 � 0.18, P � 0.0001, RMSE � 2.92), (B) the normal
t BMI (25–29 kg/m2) group (n � 44; R2 � 0.01, P � 0.05, RMSE � 2.22),
MSE � 2.64). BMI, body mass index; DXA, dual x-ray absorptiometry;
nce analysis.
tal M
]/2);

entire
rweigh
.86, R
ompositional variables by DXA have been reported [32].
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an-bean compared with pencil-beam DXA has been shown
o underestimate %BF 4–7% in subjects with body fat
evels exceeding 23% [33]. Attempts to reconcile the errors
f fan-beam DXA based on comparisons with reference
ethods have yielded robust correction factors derived from

roup data [32,34]. Application of any correction factor
hould be done with caution because the validity of the
actor in different ranges of body size has not been demon-
trated.

In conclusion, the findings of this study indicate that
egmental MF-BIA significantly overestimated %BF in men
nd women by less than 1%, which was within the repro-
ucibility of the candidate and reference methods. Among
dults classified by BMI as normal and overweight, seg-
ental MF-BIA underestimated %BF within the tolerance

f the reference method. However, segmental MF-BIA sig-
ificantly overestimated body fatness among adults classi-
ed as obese. Factors that contribute to errors in assessment
f body composition include questionable BIA prediction
odels and possible inaccurate measurement of resistance

n the body torso. Future research efforts should examine
he validity of the segmental MF-BIA models to predict
ody composition in volunteers with diverse body shapes
nd compositions and in response to changes.
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